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© SplH beam method of altering material properties. 

the solid ttiBBt can be processed s.muKaneouslY. Tlie soi a 
target is covered with a so.id I or liquid m*»rtol ftiMj 
transparent to laser light, and when processed by the puteed 
, user, the microstore and the stress state of the sol.d 
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SPLIT BEAM METHOD OF ALTERING MATERIAL PROPERTIES 
yield of Invention 

~ ~ This invention relates to laser shock process- 

ing of target materials so as to alter the residual stress 
5 of the material, in a controlled manner. 

Background 

Improving the material properties of metals is 
one of the most recent successful applications of lasers. 

Lasers are well suited as a manufacturing tool, 
10 since they can generate, transmit, and shape controlled 
beams of high energy radiation. The high power densities 
can be localized, which result in minimal distortion on 
adjacent areas, and efficient use of energy. 

Shock processing of metals has used high ex- 
15 plosive materials in direct contact with the metals, or 
the high explosive materials may be used to drive a plate 
into striking the metal, thereby shocking it. 

Laser shock processing uses the radiation emit- 
ted by a high power pulsed laser to generate a short 
20 duration, high amplitude pressure pulse on the surface of 
the material. The interaction of a pulsed laser beam with 
the material surface gives rise to a shock wave that 
propagates into the material changing the microstructure 
and the stress state of the target material, which ac- 
25 counts for improved material properties, particularly at 
and near the material surface. 

The use of a short duration pulse produces less 
thermal effect in the target material, so that the power 
can be amplified to high peak intensities. 
3Q a pulsed laser provides high controllability 

and reproducibility, and allows complex shapes to be 
hardened. 

U.S. Patent 3,850,698 teaches a method of laser 
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the layer of paint, the surface must be repainted prior to 
each successive pulse. The overlay acts to confine the 
vapor and enhance the amplitude and duration of the pres- 
sure pulse action on the surface. The peak pressures 
5 generated at the surface of the specimens are a function 
of the incident laser power density and the properties of 
the overlay material. The process occurs so rapidly, with 
vaporation so confined to a small layer, that no signifi- 
cant heating occurs, as opposed to a continuous beam 
10 laser. 

Various overlay materials which may be used 
individually or combined to include glass, quartz, sodium 
silicate, fused silica, potassium chloride, sodium chlo- 
ride, polyethylene, a f luoroplastic , nitrocellulose or a 
15 mixture thereof, pentaery thr itol tetranitrate, bismuth, 
lead, cadmium, tin, zinc, an acrylic, water, or polymeric 
tape. 

Brief Description of the Drawings 

FIG, 1 is a schematic view which depicts a 
20 typical embodiment of the subject invention. 

FIG. 2 is plan view with dimensions of the 
notched steel specimen used in the fatigue tests. 

FIG. 3 is a plan view of the specimen with the 
fastener hole that was used to measure residual stress 
25 profile, depicting the annular shaped laser shocked re- 
gion, with letters that designate the positions of the 
residual stress measurements. 

FIG. 4 is a graph of the residual stress depth 
profiles at each of the shocked positions designated in 
30 FIG. 3, along with a legend. 

Detailed Description 

FIG. 1 schematically illustrates the typical 
apparatus 10, according to the present invention, for 
altering material properties of a target metal 31 which 
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was used in extensive laboratory tests. Two transparent 
overlay materials, 27 and 29, that are transparent to 
laser radiation, are attached securely to the two opposing 
sides of the solid target metal substrate 31, over the part 
5 of the target metal 31 that is to be laser shock processed. 
Prior to attaching the transparent overlays, 27 and 29, 
the surface of the target metal 31 in the region that is 
to be laser shocked, may be painted with a paint (not 
shown) that is absorbent to the laser pulse. 

10 The metal may be, for example, AISI 4340 steel 

which is used in industrial applications in many fatigue- 
critical environments. 

A split-beam laser configuration was utilized, 
wherein the specimens were irradiated simultaneously on 

15 both sides, and the energy level was held constant for all 
shots. A multiple of five shots was selected in addition 
to a single shot condition because of the high yield 
strength of the steel. 

Material preparation involved taking sheets of 

20 AISI 4340 steel having a thickness of 0.060 inches. Rec- 
tangular blanks of 1-1/2" x 7" were cut from the sheet. The 
blanks were heated to 1550°F., held one hour and oil 
quenched. One batch of blanks was tempered two hours at 
350°F. , resulting in a hardness of Rc 54, and the other set 

25 of blanks were tempered for two hours at 850°F. resulting 
in a hardness of Rc 41. Of these blanks some were treated 
for residual stress, while others were tested for fatigue. 

The radiation pulse 11 used in these tests was 
generated by a six stage neodymium glass laser (1.06 ym) 

30 operating in a 30 ns mode (not shown) . An aluminum coated 
plastic film (blow-off foil) was employed in the system to 
suppress superradiance prior to Q-switching. For most of 
the tests, the nominally 200 Joule beam 13 from the sixth 
amplifier was unattenuated. A dielectric beam splitter 15 

35 along with numerous mirrors 15, 17, and 19, and two lens 
23 and 25 were used to process both sides of the sample 
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simultaneously, the two beams being of equal energy 
(+10%) . The beam splitter ratio was adjusted by varying 
beam polarization. 

The surface of each sample was lightly sanded 
5 with abrasive paper to remove oxides and provide a flat 
mating surface for the overlay material. The surface was 
spray painted with metal primer and flat black paint for 
laser beam absorption. The transparent overlay material 
was 1-1/2" diameter by 1/8" thick fused quartz disc with 
10 optical quality surfaces on both sides. The disc was 
pressed snugly against the painted surface by a clamping 
ring secured to the sample holder with screws. For 
multiple pulses the specimen was stripped and repainted 
before each repeat pulse. The sample holder was placed in 
15 a wooden enclosure with replaceable acrylic beam entrance 
ports so as to confine the debris by the explosion of the 
quartz overlay plate. 

When laser pulse shocking into the notch of the 
fatigue specimens, a 0.12 inch layer of water was required 
20 as the transparent overlay because of the notch curvature. 

As will be demonstrated by the tests that fol- 
low, it is believed that the major effect of laser shocking 
on fatigue life is a result of the residual stress state 
induced in the target metal. 

25 Residual Stress Experiment 

One rectangular specimen at each of the two 
hardness levels was laser shock processed in three sep- 
arate areas for residual stress analysis. The processed 
areas were separated so that no interactive effects 

30 occurred, and each area could be regarded as a separate 
test. 

One area was shock processed from one side only 
at an average fluence of 160 J/cm2, a spot diameter of 1.13 
cm, a pulse width of 19 ns, and a peak power density of 8.4 
35 x 109 w/cm2. The second area used the split beam to 
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simultaneously shock both sides with the six >«" 
system at en evera,e tluenoe of 117 J/cm*, a spot drameter 
of 10 a pulse width of about 23 ns, and a pea, power 
density of about 5.1 x 10» H/e«*. The treatment on the 
5 tn a area was repeated five times usin 9 the split beam to 
simultaneously shock both sides with an a«r. 9 e fluenc. of 
114 J/cm2, a spot diameter of 10 mm, a pulse width of 24 
»s and a peak power density of 4.9 x »• »/cm2. The corner 
of the specimen was used to measure residual stress in a 
10 nonshooked reuion. Results of the residual stress meas- 
urements are shown in the following tables: 
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Surface 1 is the front surface, and Surface 2 is 
the opposite surface of the specimen. The measurements on 
surface 2 were made after 0.005" had been removed from 
surface 1. The two data points at 0.005" were made severs! 

5 months apart, and are in good agreement. 

The unshocked specimen has a residual surface 
compressive stress caused by the oil quench during the 
h"t treatment. This stress is higher in the harder 
Taterial because it was tempered at a lower temperature. 

,» The split beam technique creates the highest 

ievels of residual compressive stress. The stress profile 
of the multiple shot maintains higher compressive stresses 
below the surface as compared with the single shot speci- 
men. Similarly, the magnitude of the tensile stresses is 

« higher in the central region of the sheet after the five 

laser pulses. 

Laser shocking Increases the magnitude of the 

compressive surface stresses by 50 to 75 ksi and doubles 
the depth of the compressive stress region compared to the 
20 heat treated condition. The magnitude of the residual 
stresses on the opposite surface is slightly below the 
esldual stresses on the first surface, which is at least 
partially caused by the removal of the 0.005" from the 
opposite -^«; xlsts a marked BlBllarlt y between the 
residual stress profiles produced by the single shot spilt 
beam and the five shot split beam. 
o£ the surface residual stress is similar 
niques, the five shock method produces slightly higher 
30 stresses in the harder material. Hence, the residual 
stress profile can be modified by varying the laser pro- 
cess conditions! the number of shocks. 

This residual stress was generated by the high 
intensity shock wave generated by the laser. After shock, 
35 he specimen was left in a complex state in whxch he 
surface was in compression while the interior was usually 
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tension. The magnitude and distribution of this resid- 
ual stress determines the fatigue life of the specimen. 

Fatigue Testing 

The fatigue specimens were prepared in accor- 
5 dance with FIG. 2 from blanks that had been heat treated 
to Rc 41 and Rc 54 hardness levels. Prior to testing, the 
surface at the root of each notch was gently smoothed with 
fine emery paper. 

All fatigue tests were conducted in an elect- 
10 ro-hydraulic fatigue machine, under load control, at a 
stress ratio of +0.1. The notch has a stress concentration 
factor of about 1.3. The spot diameter for all specimens 
was 1.0 cm except for Specimen $1, which had a spot 
diameter of 1.13 cm. 
15 The results of the fata gue testing are presented 

in the following table: 
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Based upon these test results, shocking on one 
side only produces properties less than or equivalent to 
the non-shocked condition. This is consistent with the 
reduction of residual surface stress already observed. In 
5 addition, the specimen (Specimen #1) was bowed slightly 
after shocking, which would contribute to a shorter fa- 
tigue life. 

After laser shocking with the split beam, the 
fatigue life of the specimen improved appreciably with 
3 0 both the single shot and five shot conditions. In both 
instances there is clearly a significant increase in 
fatigue strength. 

It should be noted here that Specimen 4 2, 3, and 
4 were each tested at more than one stress level as shown 
15 in the above table. Specimen #2 underwent over two million 
cycles at 100 ksi and then over thirty five thousand cycles 
at 140 ksi prior to failure. Specimen #3 underwent over 
eight million cycles at 100 ksi and over thirty nine 
thousand cycles at 140 ksi prior to failure. Specimen #4 
20 underwent over eight million cycles at 100 ksi, over eight 
million cycles at 140 ksi, and over thirty five thousand 
cycles at 160 ksi prior to failure. 

The data for the lower hardness material (Rc 41) 
is incomplete. The only laser shocked condition invest- 
25 igated was for the five shock split beam, which were tested 
at only 160 ksi. At this stress level, a small improvement 
in fatigue life was noted compared to the one non-shocked 
data point. 

The overall similarity in the fatigue results 
30 for the one and five shot techniques in the Rc 54 material 
may be due to the similarity in the magnitude and depth of 
the residual compressive stresses. The improved fatigue 
strength of the Rc 54 material can be significantly im- 
proved with laser shock processing. Similar improvements 
35 may be possible with the Rc 41 material. 

It is clear that residual surface stresses have 
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a significant effect on fatigue. 



Fastener Joints 

Laser shock processing is also a viable tool for 

improving the fatigue performance of mechanically fas- 
5 tened joints (see "Investigation of Laser Shock Process- 
ing", AFWAL-TR-80-3001, Vols. I and II, Battelle Columbus 
Laboratories, August 1980, S.C. Ford, B. P. Fairand, A. H. 
Clauer, and R. D. Gal liner, the disclosure of which is 
incorporated by reference herein) . The report investi- 
10 gated residual stresses caused by laser shock processing 
of aluminum alloys 7075 and 2024. Material properties 
investigated involved fatigue life, which consists of 
cycles to crack initiation rate and cycles for crack 
propagation rate where the material surrounding a hole was 
15 treated by laser shock processing. 

Although all of the fastener holes that have 
been studied are round., it is believed that the principles 
disclosed herein are equally applicable to fastener holes 
having a broad range of other geometries. 
2Q " Although the fatigue life was lengthened and the 

crack propagation rate was slowed by the processing, it 
was observed that crack initiation occurred much earlier 
in the shocked specimens. The crack initiation tends to 
occur at the hole in the mid-thickness region. After 
25 initiation the crack tunnels through the laser shocked 
zone for some distance before breaking through to the 
surface. Crack growth is significantly retarded because 
it must travel through a high compressure residual stress 
zone, which explains the improved fatigue life. 
3Q it appears that the increased crack initiation 

rates maybe caused by the concentration of high residual 
stresses at the material surface and the change in the 
residual stress profile in the mid-thickness region di- 
mension surrounding the hole. If the crack initiation 
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rate can be diminished, fatigue life would drastically 
improve. 

One method involves laser shock processing the 
cylindrical wall of the fastener hole to create compress- 
Sure stresses therein. The method utilizes a material 
having two opposing reflective surfaces of optical qual- 
ity, that is inserted and secured inside the hole. The 
material is preferably a pair of conical reflective sur- 
faces, sharing a common base. When the laser shock is 

10 directed into the fastener hole, the opposed reflective 
surfaces reflect the split beam pulse into the cylindrical 
wall defining the fastener hole, thereby providing a more 
uniform residual stress profile in this surrounding ma- 
terial. It is believed that the crack initiation rate in 

15 this strengthened material wall will be appreciably low- 
ered as compared with an unshocked fastener hole specimen, 
or a specimen laser shocked without the reflective sur- 
faces. 

Another method involves the use of a different 
20 beam geometry in laser shock processing. By shocking a 
concentric annular region around the fastener hole, with 
the inside diameter of the laser shocked region somewhat 
larger than the hole diameter, the region immediately 
around the hole remains unshocked. The use of an annular 
25 shaped shock region allows the crack to initiate and grow 
similar to an unshocked specimen, but the crack in the 
unshocked portion will grow and encounter a* region of re- 
sidual stress which will slow the crack propagation rate. 

Residual Stress Test - Annular Shaped Shock 
30 The aluminum alloy 2024-T3 was used for the 

residual stress evaluation. Prior to irradiation of the 
specimens, a 200 J beam from a six stage CGE neodymium glass 
laser was split into two beams which were each routed 
through one additional amplifier. This arrangement al- 
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lowed irradiations up to 200J per side. All laser ir- 
radiations were conducted with an eight stage laser system 
operating in a 30 ns pulse length mode. The beams were 
focused with a one meter focal length antiref lection 

5 coated lenses. 

The specimen dimensions were 4" x 4 ,f x 1/4", 
with a 0.187 inch diameter hole drilled therein" to simu- 
late a fastener hole (see FIG. 3). The specimen surface 
was spray painted with metal primer and flat black paint 

10 as an opaque overlay for laser beam absorption. The 
transparent overlay materials were 1-1/2" diameter by 1/8" 
thick fused quartz discs with optical quality surfaces on 
both sides. The discs were pressed snugly against the 
painted surface by a clamped ring secured to the specimen 

15 holder with screws. The specimen holder was placed in a 
wooden enclosure with replaceable acrylic beam entrance 
ports to confine the debris generated by the explosion of 
the overlay disc. 

The specimen was irradiated simultaneously from 

20 both sides with an annular shaped beam, (0.91 cm I.D. , 1.63 
cm O.D.) that was concentric with the hole. The average 
fluence was 80 J/cm 2 , the pulse width was 18 ns, and the 
peak power density was 4.4 x 10^ W/cm 2 . 

The residual stress was measured at six distinct 

25 points at the material surface and at various points below 
the surface (see FIG. 3). The results show (see Table 4 
and FIG. 4) that even in the unshocked region around the 
hole (pt. A) there is a significant increase in the 
compressive residual stress. 
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TABLE 4 

RESIDUAL STRESSES 
LASER SHOCK PROCESSING WITH AN ANNULAR BEAM 



Depth 
5 inch 

0.000 
0.003 
0.008 
0.012 
10 0.022 
0.033 



Pes^aal Stress, KSI 



-23.2 
-22.8 



B 



•34.0 
-34.0 



-64.5 
-53.3 



-16.8 -17.4 -34.2 



-61.1 

-52.3 

-46.1 

-42.1 

-25.6 

-24.1 



E 



-56.2 
-47.8 



41.8 
1.9 



-32.1 -20.5 



The magnitude of the residual stress rises to a 
maximum across the laser shocked region. The surface 
stresses are higher than those observed with a solid beam 

15 (non-annular). 

Although the present invention has been specif- 
ically disclosed vith preferred embodiments, many other 
forms of the invention are possible. It is not intended 
herein to mention all possible forms of the invention, and 

20 the terms used are descriptive rather than limiting. 
Accordingly, the scope of this invention is intended to be 
limited only by the scope of the appended claims. 
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WE CLAIM 

1. A method of altering the properties of a 
metal substrate having two opposing surfaces, which com- 
prises 

5 placing an overlay material that is transparent 

to laser radiation, in direct contact with each of 
the two opposing surfaces; 

generating at least one high pressure pulse of 
short duration radiation, emitted by a high power, 

10 pulsed laser into a beam splitter, which splits the 

pulse into two split pulses; and 

simultaneously causing one split pulse to pass 
through one overlay material and strike one surface 
of the metal substrate and the other split pulse to 

15 pass through the other overlay material and strike 

the opposing surface, thereby imparting a high am- 
plitude stress wave into the metal substrate from 
each opposing surface and changing the microstruc- 
ture of the metal substrate. 

2o 2. The method of altering the properties of a 

metal substrate as recited in claim 1 further comprising 
painting each opposed metal surface with a coating that 
will absorb the laser energy prior to placing the overlay 
material in direct contact with the metal surface, and 

25 prior to each pressure pulse striking the metal surface. 

3. The method of altering the properties of a 
metal substrate as recited in claim 1 wherein more than one 
high pressure pulse of short duration is passed into the 
metal substrate. 

30 4. The method of altering the properties of a 

metal substrate as recited in claim 1 wherein at least one 
of the transparent overlay materials is acrylic. 
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5. A metal substrate having its properties al- 
tered in accordance with the process of claim 1. 

6. A method of altering the properties of a 
metal substrate having an internal cylindrical wall de- 

5 fining a hole between two surfaces thereof which comprises 
placing an overlay material that is transparent 
to laser radiation in direct contact with each of the 
two opposing surfaces and covering the hole? 

generating at least one high pressure pulse of 
10 short duration radiation, emitted by a high power, 

pulsed laser into a beam splitter, which splits the 
pulse into two split pulses, both of which are larger 
in diameter than the hole, and 

simultaneously causing one split pulse to pass 
15 through one overlay material covering the hole, and 

striking the surface around the hole, and the other 
split pulse to pass through the other overlay mate- 
rial, concentric to the hole, and striking the op- 
posing surface around the hole, thereby imparting a 
20 high amplitude stress wave into the metal substrate 

from each opposing surface around the hole changing 
the microstructure of the metal substrate. 

7. The method of altering the properties of a 
metal substrate as recited in claim 6, in which the high 

25 pressure, laser pulse has an annular shaped geometry, the 
inside diameter of which is larger than the diameter of the 
hole, the annular region being concentric with the hole. 

8. The method of altering the properties of a 
metal substrate as recited in claim 6, further comprising 

30 directing at least one of the split pulses to strike the 
cylindrical wall defining the hole, the cylindrical wall 
being covered by the transparent overlay material. 
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9. The method of altering the properties of a 
metal substrate as recited in claim 8, further comprising 
securing a material having two opposing re- 
flective surfaces inside the fastener hole, and 
5 processing the cylindrical wall defining the 

hole with the split beam pressure pulse that is 
reflected from the reflective surfaces, thereby 
changing the microstructure within the cylindrical 
wall* 

10 10. The method of altering the properties of a 

metal substrate as recited in claims 6, 7, 8, or 9 wherein 
successive high pressure pulses of short duration are 
generated. 

11. The method of altering the properties of a 
15 metal substrate as recited in claim 6 further comprising 
painting each opposed metal surface with a coating that 
will absorb the laser energy, prior to placing the overlay 
material in direct contact with the metal surface, and 
prior to each pressure pulse striking the metal surface. 

20 12. A metal substrate having properties altered 

in accordance with the process of claim 6. 

13. Apparatus for altering material properties 
of a metal substrate, which comprises 

a high power pulsed laser capable of generating 
25 a high pressure, laser radiation pulse of short 

duration; 

a metal substrate having two opposing surfaces, 
with each opposing surface being in direct contact 
with an overlay material that is absorbent to laser 
30 radiation; and 

means for simultaneously applying the laser 
radiation pulse to the two opposing surfaces of the 
metal. 
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LASER SHOCKED AREA- 
039" OD 



0.30" 




■15" 



70" 



MATERIAL 
AISI 4340 STEEL, 
0.060 THICK 
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